are recognized directly or indirectly, engagement of the receptors can signal the presence of pathogens due to the nature of their ligands. Functionally, PRRs can be divided into three types: humoral proteins circulating in the plasma, endocytic receptors expressed on the cell surface, and signaling receptors that can be expressed either on the cell surface or intracellularly (for review, see Fearon and Locksley, 1996; Medzhitov and Janeway, 1997) .
Cellular PRRs are expressed on effector cells of the innate immune system, including cells that function as professional antigen-presenting cells (APC) in adaptive immunity, and also on cells that are the first to encounter pathogens during infection, such as surface epithelia. This expression profile allows PRRs to directly induce innate effector mechanisms, and also to alert the host organism to the presence of infectious agents by inducing the expression of a set of endogenous signals, such as inflammatory cytokines and chemokines. This later function allows efficient mobilization of effector forces to combat the microbial invaders. With the development of adaptive immunity, however, the signals induced by nonclonal receptors acquired new functions, namely, the control of activation and differentiation of lymphocytes bearing clonally specific antigen receptors.
An example illustrating this point is the conserved Toll/ NFB host defense pathway found in both invertebrates and vertebrates. In adult Drosophila, Toll has been shown to induce antifungal and antibacterial peptides upon infection (Lemaitre et al., 1996) , while in mammals an ancient origin of nonclonal immunity. Pathogen Recognition and Control nonimmunogenic unless they are designed to mimic the of Adaptive Immunity activity of PAMPs (see below).
Antigen receptors expressed on lymphocytes have ranReceptors of the Innate Immune System domly generated specificities that for this reason cannot Innate immune recognition is mediated by a structurally determine the origin or biological context of their lidiverse set of receptors that belong to several different gands. Signaling through an antigen receptor is thereprotein families. Some of these receptors (PRRs) recogfore insufficient on its own to induce the activation of nize PAMPs directly (e.g., CD14, DEC205, collectins), lymphocytes or their differentiation into appropriate efwhile others (e.g., complement receptors and Toll) recfector cells. Activation of T lymphocytes, in particular, ognize the products generated by PAMP recognition requires a so-called second or costimulatory signal in the form of B7 molecules provided by the same cells (compare Figures 1 and 2) . Importantly, whether PAMPs that present an antigen to T cells (Liu and Janeway, 1992;  rather than during the course of an adaptive immune response, and therefore provide the cues needed to for review, see Lenschow et al., 1996) . Furthermore, activation of B cells requires the help of activated CD4 produce the correct adaptive immune response (Romagnani, 1991; for review, see Scott, 1993 ; Fearon and T cells in most cases, and therefore, induction of the adaptive immune response is largely controlled by the Locksley, 1996; Abbas et al., 1996) ( Figure 2B ). Evolutionary Perspective on Innate expression of B7 molecules on APCs. Activation of lymphocytes, however, is only appropriate if their receptors and Adaptive Immunity While all multicellular organisms appear to have some are specific for an antigen derived from a pathogen, rather than self antigens or innocuous nonself antigens.
form of nonclonal host defense system, only vertebrates have developed the adaptive immune system (for reIt seems clear, therefore, that the function of costimulatory activity is to signal the presence of pathogens, and, view, see Thompson, 1995) . The innate immune system has long been thought of as an evolutionary rudiment consequently, that the expression of costimulation must be controlled by pathogen recognition (Janeway, 1989) . whose only function is to contain the infection until the "real" or adaptive immune response can be induced. As As discussed above, PRRs are specific for PAMPs and can therefore signal the presence of a pathogen, and do discussed in this paper, accumulating evidence suggests that the innate immune system is also essential so by induction of B7 expression on APCs that provides information concerning the microbial origin of the antifor the activation of the adaptive immune response and its direction into a particular effector type. Appreciation gen to antigen-specific T cells (Figure 2A ). The lack of B7 expression on an APC, on the other hand, indicates of this function of innate immunity leads us to reevaluate several issues concerning the evolution of immunity. that the antigens presented by the APC are either self or are of nonpathogen origin. The presentation of antigen in One reason for the development of adaptive immunity in vertebrates is thought to be the relative "inflexibility" the absence of costimulation leads to permanent inactivation of T cells specific for the antigen in question.
of the nonclonal receptors used by the innate immune system that are unable to cope with the high mutational Thus, this mechanism prevents activation of autoreactive T cells and T cells specific for innocuous environrate and molecular heterogeneity of pathogenic microbes. However, there are several reasons to believe mental antigens while allowing activation of lymphocytes specific for pathogen-derived antigens.
that this is a misconception. First, as discussed above, innate immune recognition is directed toward molecular Unlike the effector cells of the innate immune system, conventional naive lymphocytes are not preprotargets (PAMPs) that are invariant and shared by many different groups of microorganisms. In fact, most known grammed for a particular effector response. Differentiation of pluripotent naive lymphocytes into effector cells mechanisms used by pathogens to avoid immune recognition are actually selected to avoid recognition by depends on external cues (for review, see Abbas et al., 1996) . Several distinct effector mechanisms have the specific antigen receptors of the adaptive immune system. Second, if pathogens were able to avoid innate evolved in host organisms to efficiently eliminate or neutralize different types of pathogens. The signals that immune recognition, it would have allowed them also to avoid the induction of adaptive immune responses. control the induction of any particular effector function should therefore convey information about the features Finally, invertebrates have very efficient immunity based entirely on a nonclonal recognition system (for review, of the pathogen so that it can stimulate an adaptive immune response that chooses the relevant effector see Hoffman, 1995) , even though the pathogens infecting invertebrates can, of course, be as variable as mechanism. Effector cytokines, such as IL-12 and IFN-␥ in the case of proinflammatory cytokines, and IL-4, IL-6, the ones infecting mammals. It thus appears that the mutational variability of micro-IL-10, and TGF-␤ in the case of anti-inflammatory cytokines, are believed to play a major role in the control of organisms, if anything, was not the major factor in the development of adaptive immunity. Adaptive immunity, CD4 T cell differentiation. These signals, however, are induced upon innate immune recognition of pathogens however, does provide significant selective advantages, Audibert and Lise, 1993) . Characterization of the nonclonal receptors of the innate imgenerally, vertebrates and invertebrates are products of the two different types of evolutionary selection stratemune system responsible for the adjuvant activity, and, evidently, for the associated side effects, would provide gies, referred to as r selection and K selection strategies (MacArthur and Wilson; 1967) . While there are different a powerful alternative approach, which would ultimately allow one to target these receptors directly. In one examdegrees of r or K selection, in general, vertebrates are relatively K-selected and invertebrates are relatively ple of such a rational approach, fusion of an antigen with C3dg, a product of complement activation, resulted r-selected (Pianka, 1970) , and the two types of immunity fit readily with other correlates of the two selection stratin dramatic potentiation of a specific immune response to the fused antigen (Dempsey et al, 1996) . egies (Table 1) . Considering short life span, single reproduction early in ontogeny, and other correlates of r seRational approaches to vaccine design based on the detailed understanding of the molecular mechanisms of lection characteristic of invertebrates, it seems clear that adaptive immunity would be of little, if any, advaninnate immunity should ultimately allow one not only to induce a specific adaptive immune response but also tage, even if invertebrates could afford it energetically or genetically. On the other hand, strong intra-and inthe desired effector mechanism without the accompanying damage to the host tissues. terspecific competition, longer life span, and delayed, repeated reproductions characteristic of vertebrates
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Although adjuvants have a long history, so far they have only been defined operationally as any substance Romagnani, S. (1992) . Immunol. Today 13, [379] [380] [381] that increases the immunogenicity of admixed antigens. Scott, P. (1993) . Science 260, [496] [497] The reason for the failure of pure antigens to induce Thompson, C.B. (1995) . Immunity 3, [531] [532] [533] [534] [535] [536] [537] [538] [539] immune response is now known-the antigens used in these studies failed to induce the costimulatory signal necessary for the activation of lymphocytes. Accordingly, the mechanism of adjuvant activity has been proposed to be due to the induction of costimulatory signals by microbial constituents carrying PAMPs that are routinely mixed in adjuvants (Janeway, 1989) . Recognition of these PAMPs by PRRs is suggested to induce the signals necessary for lymphocyte activation (such as B7) and differentiation (effector cytokines; see above). In other words, adjuvants induce the innate immune system to produce the signals that are required for activation of an adaptive immune response. While adjuvants are potent immunostimulators, most of them cannot be
